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NCREASED pulmonary ventilation in response to lowered oxygen pressures has long been recognized in man. For a given oxygen pressure, however, this response is not the same for acclimatized and unacclimatized man. In order to analyze the changes which occur during the process of adaptation, various types of experiments have been designed. It is our objective I) to describe the difference in alveolar air composition between persons acclimatized to various altitudes and persons residing near sea-level who are acutely exposed to similar altitudes and to predict on this basis the ventilatory acclimatization for any altitude, 2) to verify this prediction in experiments on 3 subjects acclimatized to an altitude of 9500 feet for a period of 3 weeks, 3) to describe the respiratory response of men acutely exposed to lower and higher oxygen pressures after acclimatization to various altitudes, and 4) to present data which indicate a greater sensitivity of the respiratory system to CO2 after acclimatization to altitude.
Diference between Alveolar Air Composition and Ventilation oj A cchatized rind Ckzcclimatized
Man at Similar Oxygen Pressures.
The alveolar gas composition of permanent residents as well as sojourners acclimatized to altitude have been collected from reports of various mountain expeditions and are presented in table T. The alveolar respiratory quotient has been computed in each case from the alveolar gas equation ( The values obtained by Fitzgerald (24) are not indicated in the table since they cover various altitudes from 4000 to 14,000 ft. on permanent residents of Colorado, U. S. A. The averages of her determinations, however, are incorporated in figure I and since only CO2 determination was made, the alveolar oxygen pressure was computed by the alveolar gas equation, assuming a resting R.Q. of .83. As far as can be ascertained, all samples were collected during rest, and from a forced expiration following a normal expiration. The samples of Helmholz and Hoothby (j), Boothby (2) and Hall and Wilson (4) were taken at the end of inspiration and have been corrected in figure I and I mm. CO* and subtracting 2 mm. 02 (5) . It must further be appreciated that posture changes the resting alveolar gas concentrations considerably. It had to be assumed that all observations in the literature were made in the sitting posture. 
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(25) (27) The acute exposures to low oxygen pressures have been carried out by means of a low pressure chamber. Twenty-two young men were exposed, on the average, I hour at various simulated altitudes. By far the greatest part of the data was obtained on 8 men who served as regular subjects in these experiments lasting over 3 months. All of these men participated daily either as observers or subjects and were thus well trained and had complete confidence in their work. This absence of all anxiety is a prerequisite in obtaining reliable and typical respiration responses. Alveolar samples were collected approximately every IO minutes in the sitting position from a forced end-expiration and analyzed by the Haldane method or by the automatic oxygen and carbon-dioxide analyzers described by Rahn et al. (5) . The alveolar gas concentrations for the acute exposure to various altitudes are listed in table 2 and represent the average for the whole period of exposure.
When the alveolar oxygen and carbon dioxide tensions are plotted on the Fenn C02-02 diagram we obtain 2 distinct curves differentiating acclimatized from unacclimatized men ( fig. I) diagonal the origin of which lies at the inspired oxygen tension for each altitude and the slope of which is determined by the respiratory quotient (I) .
As an example, the figure includes the iso-altitude lines for 12,000 and 18,000 feet at a respiratory quotient of .85. Any alveolar air or expired air values at this R.Q. must lie on these lines at these altitudes. Under similar conditions altitude diagonals for other pressures lie parallel to those indicated in figure I.
Two striking facts are revealed: I) at a given altitude the alveolar pCOz is always lower and the O2 higher in the acclimatized man; 2) the alveolar pCO2 does not fall in the unacclimatized man until an alveolar ~02 of 50-60 mm. Hg is reached, whereas in the altitude residents the fall begins at approximately 100 mm. Hg, or sea level.
From the alveolar gas concentration the relative alveolar ventilation can be computed from the equation of Fenn (I),
where V, equals alveolar ventilation in liters per minute B.T.P.S.; X, equals the oxygen consumption in ml. S.T.P.D.; (1, the respiratory quotient, and .864 is a constant. This formula is valid when the inspired air contains no COZ. In order to compute the relative alveolar ventilation the assumption has to be made that the resting oxygen consumption is unaffected by the altitude.
The value obtained at the common origin of these 2 curves in figure I at the alveolar pCO2 = 38.0 is designated as the alveolar ventilation ratio of 1.00.
The values taken for calculating the alveolar ventilation curve for the acclimatized men are as follows: the CO:! is based upon the average curve presented in figure I , while for the R.Q. the value of .82 was used which represents the average R.Q. for all determinations in table I. For the acute exposure the ventilation ratio was computed only from the alveolar values obtained during the last IO to 20 minutes of exposure where the R.Q. had returned to an average value of .85 (6) . This makes the R.Q., for our purposes, practically identical with those obtained for the acclimatized people. Thus, for both groups the alveolar ventilation becomes only a function of the pCOtr and in figure 2 the alveolar ventilation ratio, V, R., as well as the alveolar pCO1! can be plotted as ordinates against the alveolar pOz and the altitude lines.
Furthermore, the change in serum-bicarbonate of the blood to be expected after acclimatization is completed, can be indicated on the same diagram. If one assumes that the pH upon acclimatization returns to normal (~-IO), it follows from the Henderson-Hasselbalch equation that the bicarbonate level likewise becomes a function of the alveolar pCOz only. Figure 2 is particularly helpful in predicting the pathway of the alveolar air composition and alveolar ventilation during the process of acclimatization for any altitude. If we accept these 2 curves, then the process of this adaptation must proceed along a line connecting them. The exact acclimatization pathway, however, is already definitely prescribed by the iso-altitude diagonal as long as the R.Q. remains within normal limits. Thus, for example, the pathways for 5, IO, 15 and 20 thousand feet altitude for an R.Q. of .85 are indicated in figure 2. The acute exposure value after 30 to 60 minutes at these altitudes will lie at the intersection with the unacclimatized curve. The acclimatization pathway will in each case proceed down the altitude diagonal and come to rest at the final intersection with the acclimatized curve. The rate at which this process takes place has been established for the Io,ooo-ft. altitude and is discussed below. It is of interest to compare the alveolar values obtained by Houston and Riley (8) on 4 men exposed gradually over 4 weeks to increasing altitudes up to 22,000 ft. in a low-pressure chamber. These men never completely acclimatized to any altitude and their alveolar values: described recently in greater detail (38), fall approximately half-way between the 2 curves in figure 2 .
The alveolar ventilation curve for acute exposure is of great interest since it indicates no increase in ventilation until the alveolar pOz drops to values below 60 mm. Hg. This corresponds to an altitude of approximately I 2,000 ft. or to breathing a mixture of 13 (2) yield values very similar to our own. Thus, it seems quite certain now on the basis of direct measurements as well as calculations based upon the alveolar gas composition that ventilation in man acutely exposed to low oxygen pressures does not increase measurably until the alveolar oxygen pressure drops to about one half of normal (so-60 mm. Hg).
On the other hand, the alveolar air composition of permanent residents or recently acclimatized men indicates a greater than normal (sea level) ventilation. Thus, the hypoxic stimulus is inhibited during at least the first hour in the acutely exposed unacclimatized man. Since below 12, 000 ft. altitude this inhibition cannot be due to hyperventilation alkalinity, the only factor that suggests itself is the alka- and relative alveolar ventilation ratio, V,R, between unacclimatized man (upper curve) and acclimatized man (lower curve). The calculated change in the alkali reserve, Alk. Res., does not apply to unacclimatized man and applies to the acclimatized man only on the assumption that the arterial PH has returned to normal. The isoaltitude lines are constructed for an R.Q. = .85. linity produced by the lowered saturation of the arterial blood. At 12, 000 ft. this amounts to about 0.008 PH unit at a ~02 (alveolar) of 50 mm. Hg and pCO2 or 38 mm. Hg or an Hb02 per cent of 86. On the basis of Gray's multiple factor theory this change in PH would produce an inhibition of about 16 per cent of the alveolar ventilation which is just about balanced by a 20 per cent ventilation increase stimulus shown in the acclimatized man at this altitude (13) .
In order to increase the ventilation, therefore, at this altitude one may speculate that compensatory changes in the blood $JH must occur bringing the pH back to normality before the hypoxic stimulus can effectively exert itself. This is not attained at the end of one hour exposure but appears soon thereafter as will be discussed below.
Acclimatization 
A4verages olt three mbjects ,4 .O., X.X and H.R. before and gfter acchtatization seated and the alveolar air continuously analyzed. When after IO minutes or longer the alveolar gas concentrations had stabilized, the values were recorded every minute for 5 minutes and averaged. During this period the ventilation volume and breathing rate were automatically recorded on paper tape and averaged. This procedure was followed by 2 breathholding tests (see below). Two days prior to leaving for the mountains similar tests were made in our high-altitude chamber at the end of I hour exposure to an altitude of 9500 ft. This acute exposure as can be seen in table 3 showed no change in the alveolar pCOz or ventilation as had been predicted. Twelve hours after arrival at the altitude camp the test was repeated until the end of the s-week stay. These data are based largely upon 2 subjects, since the third had to set up equipment in advance and was partially acclimatized at the time the tests could be started. Table 3 indicates that the CO2 had already dropped nearly halfway to its final value at the end of a ~a-hour exposure and plateaued off at the end of 4 days at this altitude where it remained constant. This progression is shown on the 02-COz diagram in figure 3 and follows the predicted course except for the low R.Q. values. Not only was the pathway as predicted during the process of respiratory acclimatization, but also the final values after acclimatization fell exactly upon the predicted of 2 subjects during acclimatization at gsoo ft. The numbers in the circles indicate the days of residence at this altitude. The number o indicates I hour exposure and R the 5-&h day. 'A' indicates the average for all 3 subjects after respiratory acclimatization was complete. The 2 alveolar air curves (solid lines) are based on figure 2, while the breaking point curve is based on previous data (19) shown also in figure 7.
CO2 level. Precisely the same change was recently observed by Hetherington, Luft and Ivy (14) when they reported an average difference of 7 mu pCOs after acclimatization to 10, 200 ft. The fall of the alveolar R.Q. from an average of 84 to .76 (tables) is of great interest. Although we have no satisfactory explanation, it should be pointed out that Hasselbalch and Lindhard (I 5) made similar observations during their I7-day stay at an altitude of 10,8oo ft. Very recently the studies of Hetherington, Luft and Ivy (14) have confirmed these observations on 27 men who were taken from an elevation of 750 ft. to a Io,zoo-ft. level for a period of 2 weeks. The alveolar R.Q. was altered from an average of 30 to .75. Upon return to near sea level they observed a very slow return to the original value.
On the basis of the change in the alveolar pCO2 and R.Q. before and after acclimatization (last column, table 3), the predicted increase in alveolar ventilation should have been 38/31 X .76/.84 or II per cent above the Rochester value provided that the resting oxygen consumption remained unaltered. Actually no significant change was observed. This could most easily be explained by a lower resting oxygen consumption at altitude. However, the studies and review of the literature by Lewis, Illif and Duval (16) indicate no change in basal metabolism in a comparison of 15 independent studies ranging from sea level to 7000 ft. In our subjects the number of breaths per minute was not altered, nor was there any appreciable change in the blood saturation as measured by the Millikan oximeter from that obtained during acute exposure at Rochester.
Averages for all 3 subjects at Rochester and after completion of respiratory acclimatization at Wyoming are given at the bottom of ft.
adaptation is best visualized in figure 4 , in which the alveolar CO2 level is used as the index of acclimatization. This is completed by the end of 90 hours at this particular altitude. The rate must be governed by the degree of alkalinity incurred from the hyperventilation and the rate of base excretion from the kidneys. Our studies which start after I 2 hours are well supplemented by those of D'Angelo (17) who exposed a large number of men in a high-altitude chamber to altitudes of 8 and IO thousand feet for IO hours. Although the alveolar gas was not determined directly in his studies, the CO2 can readily be calculated from the ventilation equation, since all the pertinent data were given, if one assumes a constant dead space. Thus, a fairly complete picture of the rate of acclimatization is obtained for the first time, since other expeditions were always forced to spend several days at various intermediate altitudes and thus became partially acclimatized before reaching their final destination. (4) who acclimatized 32 subjects to analtitudeof 6200 ft. at Colorado Springs. These subjects were then exposed to various altitudes in a low-pressure chamber and their alveolar gases analyzed. Our data extend these observations to 9500 ft. where we breathed a mixture of 12 per cent oxygen in nitrogen after acclimatization (table 4) . The breathing of high oxygen mixtures after acclimatization causes no immediate change in the alveolar pCO2 and consequently no decrease in ventilation (table 4) . This is in agreement with the recent work of Houston and Riley (8) who found that their subjects after being acclimatized to 22, 000 ft. maintained their high ventilation and low CO2 value after being brought back suddenly to the relatively high-oxygen pressure of sea level. It would seem that re-acclimatization to sea level must occur slowly by retention of base in a similar process, but in reverse to that described above, as demonstrated many years ago by Douglas et al. (18) upon their descent from Pike's Peak. Figure 5 attempts to summarize the alveolar response of man exposed to various oxygen tensions after acclimatization. The solid line represents the alveolar values of the acclimatized individual as seen in figures I and 2. Point A is the sea level value and the dotted curve originating at this point is the acute response to low and high oxygen pressures. Point B is the alveolar value for man living at Colorado Springs at 6200 ft. and the dotted line again indicates the alveolar response when acutely exposed to lower oxygen pressures (4). Point C is the acclimatized point for approximately 10,000 ft., while the dotted line through this point indicates the response to lower as well as higher oxygen pressures. Similar curves could be drawn for other altitudes and the approximate alveolar response predicated as well as the ensuing acclimatization pathway. Thus as an example, if a man living at Colorado Springs were suddenly placed at an altitude of 18,000 ft. his alveolar pathway would start at B, jump to the intersection of the 18,000 ft. diagonal with the alveolar curve (dotted line) originating at B. From there it would travel down the 18,000 ft. altitude diag- air at both altitudes. The procedure was such that the subject inhaled consecutively air, low CO% and high CO2 mixture each for 15 minutes from a demand regulator on each gas cylinder. Thus the change could be made instantaneously from one to the other without interruption. Minute to minute recordings were made of the alveolar gas composition, ventilation volume and rate, and ear oximeter. The last 5 minutes of each q-minute exposure period were averaged. The 3 subjects were run on 2 occasions at both altitudes. The combined averages of all 6 runs are given in table 5.
Although the steady state was not attained with CO2 breathing, as indicated by the low R.Q., the exposure time in all cases was the same and allows a comparison at these 2 altitudes. Figure 6 indicates a greater ventilatory response for any given inspired CO2 tension after acclimatization to 9500 ft. The ventilation increment is approximately 50 per cent greater over the range tested. Although breathing CO2 increased the alveolar O2 tension considerably it is expected that this in itself would not influence the response of the respiratory system during an acute exposure (see discussion above). If it did, the higher 02 tension at altitude would tend to decrease the differences.
The sensitivity of the respiratory system might also be expressed in terms of change in alveolar pCO2 which will produce a certain percentage increase in ventilation. If this is done for the high CO2 mixtures at Rochester and Wyoming, we find that after acclimatization to altitude 0.75 pCOz induces the same ventilation increase as 1.00 pCO2 at Rochester. (19) . At the end of normal expiration the breath was held until the breaking point was reached and the alveolar air analyzed. The breath holding time and the ear oximeter reading were recorded. These data are summarized in table 3, while table 4 gives additional data for similar tests carried out breathing 12 per cent oxygen and IOO per cent oxygen after acclimatization was completed at 9500 ft. During the process of acclimatization the composition of the alveolar gas at the breaking point changes in much the same way as the alveolar gas before breath holding. This is shown by the 2 'pathways' plotted on the pOs-pCO% chart in figure 3 .
On the basis of the various data in table 3 and 4 the breaking point curve and the normal alveolar curve after acclimatization have been drawn in figure 7 together with similar curves obtained previously on unacclimatized men (19 distance between the alveolar air curve and the breaking point curve represents the magnitude of the CO2 stimulus necessary to achieve the breaking point for a given oxygen tension. Thus this distance may be regarded as measure of the sensitivity of the respiratory center to COS. One can readily see that the vertical distance between these 2 curves is much, greater at Rochester than after acclimatization to 9500 ft. (B = 535). At the right hand side of the graph CO2 is the only factor concerned in achieving the breaking point, oxygen having no effect. Thus near sea level it takes a difference of about (65-38) 27 mm. Hg CO2 to reach the breaking point while after acclimatization to 9500 ft. at the identical oxygen pressure a difference of I 8 mm. Hg (50-3 2) is sufficient. If we regard the breaking point as an expression of ventilation response (the same at both altitudes) then it is obtained by a change of @-or .67 pCOs at 9500 ft. as compared with r+ or 1.00 pCO2 near sea level. This figure agrees reasonably well with the relative stimulus of .75 obtained with CO2 inhalation (test described above). From the CO2 dissociation curve one may estimate the CO2 content of the oxygenated plasma at a pCOz of 38 mm. Hg and a PH of 7.4 to be 55 vol. per cent. If we assume that after acclimatization to 9500 ft. the p~l returns to normal, then the CO2 content is reduced to 44 vol. per cent at a PH of 7.4 and a pCO2 of 31 (breathing pure 0,). Under these conditions the computed PH at the breaking point for both altitudes is the same, namely 7.25. Thus under these conditions of breath holding with pure oxygen where oxygen lack does not enter as a stimulus it is very tempting to regard pH as the determining factor at the breaking point. Furthermore, the increased sensitivity of the respiratory system to CO2 after acclimatization might merely be the effect of this gas on the reduced buffering capacity of blood and tissues. This of course would also explain the continuation of hyperventilation when man acclimatized to altitude is suddenly exposed to higher than normal oxygen pressures.
C> Breath-holding time. From the above discussion it should follow that when a man acclimatized to various altitudes breathes pure oxygen and then holds his ALVEOLAR AIR COMPOSITION and that obtained after breath holding when man is exposed acutely to various oxygen tension. The heavy lines pertain to man acclimatized near sea level, the light lines after acclimatization to gsoo ft. 1 The values at these particular altitudes were in part obtained by interpolation of the data.
When breathing air, however, the breath-holding time is in addition affected by the hypoxic stimulus. Even so the decreasing buffering capacity during the process of acclimatization should exert itself by reducing the breath-holding time as was long ago observed by Schneider (20) . Table 6 attempts to summarize the recent investigation of breath-holding time during acute exposure to low oxygen. These data are in HERMANN RAHN AND ARTHUR B. OTIS Volume 157
very good agreement and are plotted in figure 8 . When this curve is compared to the relatively few breath-holding data known for acclimatized man nite reduction in breath-holding time is indicated. This decrease time with acclimatization may to some extent be explained by the capacity but may in part be counteracted by a reduced sensitivity h34, 35) a clefiin breath-holding reduced buffering to low oxygen.
DISCUSSION
Experimental evidence and data from the literature are compared and indicate that the alveolar air composition and consequen tly the ventilation response of the respiratory system differ between acclimatized and unacclimatized man for any altitu .de above sea level. In general it may be stated that the acclimatized subject has a greater ventilation and consequently a lower pCO2 and a higher ~02 compared to an unacclimatized individual exposed acutely for one hour to the same altitude. If the rate of respiratory acclimatization is appraised by the alveolar CO% level,. then our data indicate that this process requires 4 days at an altitude of 10,000 ft. while the data of Douglas et al. (18) indicate at least twice as long at 14, 000 ft. This ventilatory inhibition, which is thus gradually overcome during the adaptation process, is most simply explained by the respiratory alkalosis incurred from the hy--poxic hyperventilation of the acute exposure. With the excretion of base the pH gradually returns to normal during the acclimatization process and the ventilatory inhibition is gradually diminished.
Direct and indirect (from alveolar air composition) measurements of the ventilation indicate no measurable change until man is acutely exposed to altitudes above" 10,000 to 12, 000 ft. At this altitude the alveolar and arterial ~02 tensions are be-. tween 50 and 60 mm. Hg. This is the approximate threshhold response described bySchmidt and Comroe (21) for the chemoreceptors in dogs. On the other hand, v. Euler, Liljestrand and Zotterman (22) , recording the activity of the sinus nerve, place the oxygen threshhold much higher. This is supported by our curve of acclimatized man which indicates relative hyperventilation as soon as ~02 drops below sea level values ( fig. 2 ).
Thus we must look for an inhibition which temporarily (approximately I hour) prevents hyperventilation when man is acutely exposed to altitude less than IO,OOO to 12, 000 ft. or to equivalent oxygen pressures at sea level. The only apparent change is the desaturation of the arterial blood which brings about a small increase in the arterial PH. One might argue that not until secondary compensations take place which return the PH to normal level would the hypoxic stimulus be able to exert its effect. That such compensatory changes can occur in a relatively short time has been shown recently by Bjurstedt (23) who measured the PH continuously in dogs exposed to low oxygen.
Thus the conflicting views as to the hypoxic threshhold of the chemoreceptor may be reconciled by considering that this hypoxic drive upon the acute exposure up to approximately 10,000 to 12,000 ft. altitude (13-147~ 02 at sea level) can be detected by an increase in action potentials from the chemoreceptor (22) but is masked by the desaturation alkalosis if measured by increase in ventilation volume (21) .
However, when alveolar oxygen tensions lower than 50-60 mm. Hg are encountered the chemoreceptor drive becomes enough to overcome the inhibitory desaturation alkalosis and now produces an increased ventilation. The recent findings of Bjurstedt (23) that the chemoreceptor drive is actually potentiated by the resulting arterial alkalosis make it hard to explain the unresponsiveness in man acutely exposed to inspired oxygen tension above 13 to 14 per cent oxygen.
The maintenance of the relative hyperventilation at altitude has generally been attributed to the increase activity of the chemoreceptors. When after an acute exposure to altitude the subject is again returned to normal oxygen concentration the ventilation is immediately reduced to normal and even below normal depending upon the alkalinity incurred under the previous hyperventilation.
In fact this subnormal ventilation after a stay at 22, 000 ft. may last as long as half an hour (6). However, if acclimatization to altitude has occurred, then a sudden removal to sea-level oxygen values does not reduce the ventilation immediately. This was long ago observed by Douglas et al. (18) and others, and most recently by Houston and Riley (8) . Hyperventilation is maintained at sea level and gradually diminishes over a period of several days. This might suggest that after acclimatization to altitude the chemoreceptor activity is reduced and thus removal of the hypoxic stimulus has little effect upon the ventilation. Bjurstedt (23) has recently come to this conclusion in studies on dogs where he was able to differentiate between the centrogenic and chemoreflex control of ventilation during various stages of acclimatization. His findings indicate that the chemoreflex drive is all important during the acute exposure to hypoxia and is actually potentiated by concomitant alkalosis. After secondary compensations set in and return the arterial PH to normal, the chemoreflex drive *diminishes and the centrogenic drive is supernormal and is largely responsible for the maintained hyperventilation after acclimatization to altitude.
Thus, the respiratory system response, according to this concept, is very similar to that at sea level with the exception that due to the lowered buffer capacity (BHCOS content) it must, according to the Henderson-Hasselbalch equation, become more sensitive to equal change in CO2 as long as the $IH is considered as one of the stimulasensitive to equal change in CO2 as long as the $IH is considered as one of the stimulatory factors acting upon the centrogenic drive. tory factors acting upon the centrogenic drive.
Consequently, breathing pure oxygen after acclimatization to altitude or sudConsequently, breathing pure oxygen after acclimatization to altitude or suddenly returning to sea level might reduce part of the already insignificant chemoreflex denly returning to sea level might reduce part of the already insignificant chemoreflex drive, but any reduction in ventilation will have a profound effect upon the acid-base drive, but any reduction in ventilation will have a profound effect upon the acid-base balance and the immediate fall in PH and rise in pCOZ will stimulate the respiratory balance and the immediate fall in PH and rise in pCOZ will stimulate the respiratory center and thus prevent the drop in ventilation. center and thus prevent the drop in ventilation.
Thus the same factor which operThus the same factor which operates to maintain a constant alveolar pCO2 and arterial PH at sea level also operates ates to maintain a constant alveolar pCOz and arterial PH at sea level also operates to maintain the same arterial PH after acclimatization to altitude. to maintain the same arterial PH after acclimatization to altitude.
The chemorecepThe chemoreceptors play only a temporary part in the acclimatization process to high altitude in tors play only a temporary part in the acclimatization process to high altitude in producing enough over-ventilation to lower the alkali reserve. producing enough over-ventilation to lower the alkali reserve. Once this has been Once this has been accomplished and the arterial PH has returned to normal, the centrogenic drive is able accomplished and the arterial PH has returned to normal, the centrogenic drive is able to maintain this hyperventilation by its greater sensitivity to COZ, this in turn being to maintain this hyperventilation by its greater sensitivity to COZ, this in turn being merely a reflection of the lowered buffering capacity. merely a reflection of the lowered buffering capacity.
On such a basis one may find On such a basis one may find a ready explanation for the altered response of the respiratory system to inhalation a ready explanation for the altered response of the respiratory system to inhalation of COZ, breath-holding time and breaking of COZ, breath-holding time and breaking point concentrations described above. point concentrations described above. Gray (36) , on the other hand, leans toward Gray (36) , on the other hand, leans toward the idea that prolonged acapnia as seen the idea that prolonged acapnia as seen in altitude acclimatization increase the sensitivity to CO2 per se, while the sensitivity in altitude acclimatization increase the sensitivity to CO2 per se, while the sensitivity of the respiratory system to PH remains unaltered. of the respiratory system to PH remains unaltered.
If the chemoreceptor drive is relatively unimportant once acclimatization has If the chemoreceptor drive is relatively unimportant once acclimatization has been achieved then one should be able to simulate the respiratory responses of an been achieved then one should be able to simulate the respiratory responses of an altitude-acclimatized individual by any means which would induce a lowering of the altitude-acclimatized individual by any means which would induce a lowering of the alkali reserves at sea level. alkali reserves at sea level. This could be achieved by prolonged hyperventilation This could be achieved by prolonged hyperventilation or ammonium chloride ingestion. or ammonium chloride ingestion. The effects of prolonged hyperventilation (24 The effects of prolonged hyperventilation (24 hours) in a Drinker respirator have recently been hours) in a Drinker respirator have recently been reported by Brown et al. (37) .
reported by Brown et aJ* (37) They show in 3 subjects a considerable reduction in They show in 3 subjects a considerable reduction in the serum bicarbonate level acthe serum bicarbonate level accompanied by an increased sensitivity to companied by an increased sensitivity to inspired CO2 similar to the response reported inspired CO2 similar to the response reported in our observations at high altitude. in our observations at high altitude.
Furthermore, after Furthermore, after leaving the respirator leaving the respirator involuntary hyperventilation was maintained for a considerable period as seen also involuntary hyperventilation was maintained for a considerable period as seen also in people returning from prolonged stays at high altitudes. in people returning from prolonged stays at high altitudes.
Preliminary experiments Preliminary experiments in this laboratory have shown that daily ingestion of 15 gm. of NH&l for 3 days in this laboratory have shown that daily ingestion of 15 gm. of NH&l for 3 days reduces not only the breath-holding time but also the alveolar pCOz at the breaking reduces not only the breath-holding time but also the alveolar pCOz at the breaking point of breath-holding in a manner similar to that observed after acclimatization to point of breath-holding in a manner similar to that observed after acclimatization to 10,000 ft. 10,000 ft. These experimen These experiments suggest, as has been pointed out by others, that a large .ts suggest, as has been pointed out by others, that a large part of the respiratory adaptations concerned with acclimatization to altitude is conpart of the respiratory adaptations concerned with acclimatization to altitude is concerned with an adaptation to a loweredpC02 and a reduced buffer system of the blood cerned with an adaptation to a loweredpC02 and a reduced buffer system of the blood which in turn raises the ~02 tension and also prevents large fluctuations in 02 tensions which in turn raises the ~02 tension and also prevents large fluctuations in 02 tensions which are encountered during stresses such as work or voluntary apnea. which are encountered during stresses such as work or voluntary apnea.
SUMMARY
With the aid of an 02-CO2 diagram data are presented which allow one to predict the alveolar 02 and CO2 composition as well as the relative alveolar ventilation 1) when man is exposed acutely to any altitude, a) during the process of respiratory acclimatization at any altitude and 3) when acclimatization is complete. In addition, the alveolar pathways can be predicted and described once man is acclima-matized to any particular altitude and is then suddenly exposed to higher or lower oxygen pressures. These predictions were in part verified by an acclimatization study carried on at an altitude of 9500 ft. for a 3-week period.
Evidence is presented for a ~02 threshhold of the chemoreceptor drive of ventilation at approximately IOO mm. Hg. This is observed in the ventilation curve of people acclimatized to altitude. However, in acute exposures where the alveolar ~02 is reduced to 50 to 60 mm. Hg this hyperventilation response is completely inhibited for at least one hour. This inhibition is explained as a result of the PH rise due to the decreased oxyhemoglobin saturation. If the alveolar ~02 in acute exposure falls below 50 to 60 mm. Hg, immediate hyperventilation occurs. Exposures of more than one hour at 9500 ft. result in a lowering of the pCO2 exponentially with time.
Final levels are reached after 3 or 4 days.
After respiratory acclimatization to 9500 ft. the respiratory system becomes more sensitive to COz. This response was tested by breathing various CO2 mixtures and analyzing the alveolar air after breath holding. Data are presented which show the reduction of breath-holding time during acclimatization to various altitudes. The various findings emphasize that a large part of the respiratory acclimatization to high 'altitudes is an adaptation to a lowered CO2 tension.
